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Abstract 

The production of W bosons in association with two jets in proton-proton collisions at a centre-of- 
mass energy of = 7 TeV has been analysed for the presence of double-parton interactions using 
data corresponding to an integrated luminosity of 36 pb \ collected with the ATLAS detector at the 
LHC. The fraction of events arising from double-parton interactions, /pp\ has been measured through 
the pr balance between the two jets and amounts to fjyp* = 0.08 ± 0.01 (stat.) ± 0.02 (sys.) for jets 
with transverse momentum pj > 20 GeV and rapidity \y\ < 2.8. This corresponds to a measurement of 
the effective area parameter for hard double-parton interactions of Oes= 15 ±3 (stat.) +3 (sys.) mb. 
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collisions at a centre-of-mass energy of = 7 TeV has been analysed for the presence of 
double-parton interactions using data corresponding to an integrated luminosity of 36 pb~\ 
collected with the ATLAS detector at the LHC. The fraction of events arising from double- 
parton interactions, /^p', has been measured through the pj balance between the two jets and 
amounts to /^p^ = 0.08 ± 0.01 (stat.) ± 0.02 (sys.) for jets with transverse momentum 
Pt > 20 GeV and rapidity |y| < 2.8. This corresponds to a measurement of the effective area 
parameter for hard double-parton interactions of Ceg = 15 ± 3 (stat.) (sys.) mb. 
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Double-parton interactions (DPI) in hadron-initiated processes have been discussed in 
theoretical studies since the first days of the parton model [IIl-O. These studies have 
subsequently been refined and reformulated in the framework of perturbative quantum 
chromodynamics (QCD) for a variety of processes such as double Drell-Yan production, 
four-jet production, and W production associated with two jets [|4l-fTOI. Potential correlations 
in colour and spin space have been analysed theoretically [[TT|. and evolution equations for 
multi -parton distribution functions have been derived [[T2l . The formalism f7W\ to deal with 
double-parton interactions in hadronic interactions at a centre-of-mass energy y/s may be 
summarised, assuming perturbative factorisation, by 

d^y+z^(^) = 2o^ff{s) I ifhhi^n^^jv Mf) 

where dOy^^ the differential double-parton interaction cross section for the inclusive 
production of a combined system 7 -|-Z at a given ^/s, and the ddytj,t2^K(z) is the differential 
partonic cross section for the production of a system Y or Z in the collision of partons ki 
and k2. The symmetry factor m is equal to one if 7 = Z and equal to two if 7 7^ Z. The 
fij{xi,Xj, ilf) are the double-parton distribution functions (DPDFs) evaluated at a specific 
factorisation scale, /i/r. The integration over the momentum fractions Xi and Xj of the two 
partons from the same proton is constrained by energy conservation such that xi -\- Xj < 1. 
A summation over all possible parton combinations is implicitly assumed. Typically, the 
DPDFs are expressed in terms of the conventional single parton distributions using a factorised 
ansatz 121181, namely 

fijiXi, Xj, llf) = fi{xu llF)fj{Xj, lip) (1 -Xi-Xj) (1 -Xi -Xj) , (2) 

where the factor {I — Xi — Xj)@{l — xi — x j) implements the kinematic constraint and @{x) 
is the Heavyside step function. The effective area parameter for double-parton interactions, 
is defined at the parton level and, in the formalism outlined here, is independent of 
the process and of the phase-space under consideration. Naively, it can be related to the 
geometrical size of the proton, leading to an estimate of agff ~ TtR^ ~ 50 mb, where Rp is the 
proton radius. Alternatively, a^a can be connected to the inelastic cross section, which would 
lead to aeff ^ ainei ^ 70 mb at = 7 TeV lfT3l[T4ll. 

A number of measurements of (Jeff (5) have been performed in pp or pp collisions at 
centre-of-mass energies of 63 GeV 630 GeV [16], 1.8 TeV and 1.96 TeV [|f9|| . 

The measured values range from about 5 mb at the lowest energy to about 15 mb at Tevatron 
energies. Attempts to understand these values have used non-trivial correlations between the 
two scattering systems to explain the differences between these measured values [[2011271 . 

In the scientific programme of the Large Hadron Collider (LHC), issues related to multi- 
parton interactions have attracted increasing attention [|22] - [35l . This surge of interest is due 
to the higher centre-of-mass energy leading to enhanced parton densities and therefore to an 
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anticipated larger impact of such effects on a multitude of physics signatures. The high energy 
and high luminosity available at the LHC also implies that multiple interactions should occur 
at higher transverse momentum, pj, offering the possibility to further study these interactions 
in a variety of processes. This paper presents a measurement of agff in pp collisions at 
y/s = 7 TeV performed with the ATLAS detector [|36l . using events with two jets produced 
in association with a W boson. 



2. Theoretical background 

The quantity Ceff parameterises the double-parton interaction part of the production cross 
section for a composite system (Y + Z) in hadronic collisions. Assuming no correlations 
between the two systems, the differential cross section d'y for the production of 7 + Z 
consists of a direct part, O'y^^^ originating from single-parton interaction, and a double-parton 
interaction contribution, dy^^^, 

da<':'](.) = dC''(.) +da<™»M = da<-V) + . (3) 

where ddyis) and ddz{s) correspond to the differential cross sections of processes Y and Z 
respectively and the symmetry factor m from Equation ([T]) has been set equal to two. 

After integrating the differential cross sections in Equation ^ over the phase space 
defined by the selection cuts on the Y and Z systems as appropriate for the analysis and 
solving the equation for <7eff' 

/ s _ dY{s)-dz{s) _ dY{s)-dz{s) 

With the exception of the direct component, {s), for which theoretical input (for example 
in the form of a Monte Carlo - MC - event generator) needs to be employed, all quantities in 
Equation & may be directly taken from data, provided that the simple factorisation picture is 
applicable. This assumes that the proposed correlation in the DPDFs, the factor (1 —Xi — xj) 
present in Equation (|2]), is close to 1. There will be other effects which will eventually lead 
to a breakdown of this simple picture in some comers of phase space; for example total 
energy conservation, flavour conservation rules, or, more intricately, complicated interactions 
between the initial- or final-state partons [|24l iJTlflOl which potentially correlate the two 
systems in a non-trivial way. However, for certain processes and selection cuts, such effects 
may turn out to be negligible. In the following, when referring to data and integrating over 
the hadronic final states, d{s) will be replaced by o{s). 

For the case of VK+2-jet production discussed in this paper, the cross sections at leading 
order are related to Feynman diagrams such as those depicted in Figure \T\ In general, 
calculations of the differential cross sections for the production of any system Y are inclusive. 
In particular, in the calculation of the leading-order W cross section, the production of 
additional jets is implicitly included. These extra jets may populate a phase space constrained 
from below by the factorisation scale /ip. In this study, in which jets are defined by a transverse 
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Figure 1. Examples of leading-order Feynman diagrams for the direct (left) and double-parton 
interaction (right) components in the production of a W++2-jet system. These contributions 
are defined in Equation (O with the identification 7 — > W+ and Z — > 2 jets. 



momentum requirement of px > 20 GeV, this implies that the cross sections entering the 
calculation of Ceff correspond to the production of a boson with no accompanying jets, of 
a W boson accompanied by exactly two jets and a hadronic final state consisting of exclusive 
two jets. 



3. Strategy of the analysis 

The cornerstone of the analysis is the extraction of the fraction of V7-|-2-jet events produced in 
pp interactions in which the jets originate from a hard DPI. This fraction is subsequently used 
to determine the value of Ceff • The sample of M^+2-jet candidate events is selected from data 
recorded by the ATLAS detector with the W boson identified through its leptonic decays into 
ev and /iV. The fraction where the superscript D refers to detector level, of VK+2-jet 
events originating from DPI is defined by 

^(D) _ ^tyoj+2jDPi _ -^lV0j+2jDpi 

Nw+2} Nw2j + ^Woj+2jDPi ' 

where A^iy+2j is the total number of W+2-jet events, Nw2j is the number of events in which the 
production of the two jets is directly associated with the production of the W boson (single- 
parton interaction), and A^Woj+2jDpi is the number of events in which the production of the two 

jets originates from DPI. In order to extract f^, a minimisation fit to the distribution of an 
observable is performed. The observable is chosen such that it shows good discriminating 
power between the direct production of aW boson with two jets (Wij) and the production of 
a W boson in association with zero jets in addition to another parton-parton scatter resulting 
in two jets (Wbj +2jDPi). The fit is performed to the normalised, detector- level, background- 
corrected data distribution of the observable using two normalised templates, denoted by A 
and 5. 

Template A represents the expected contribution to the distribution of the chosen 
observable from W2j events, and Template B that from Wbj + 2jDPi events. The fit function 
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is given by (1 —f^yp) --A + fj^ B. The details of how the templates are constructed and how 
the fit is performed, together with supporting MC studies, are described in Section |6l The 
relevant part of the equation defining C7eff» Equation H]), reads 

CTeff = ■ (6) 

Here, Owq^ (^Woj+2iopi ^^'^ ^2j are the production cross sections of Wbj, Wbj + Sjopi and 
exclusive dijet (2j) events, respectively. These cross sections are related to the respective 
number of events through the relation 

where C denotes the corrections for unfolding to the particle level including reconstruction 
effects, £/ is the geometrical acceptance, e is the trigger efficiency, and is the integrated 
luminosity. The assumption of factorisation between the W boson and the 2j system leads to 
some simplifications. First, the kinematics of the W boson does not influence the kinematic 
distributions of the DPI system, either at the detector level or at the hadron level, once 
corrections involving the impact of jets on W reconstruction and vice versa have been made. 
Secondly, the kinematics of the jets originating from DPI may be modelled by the kinematics 
of single- scatter dijet events. Therefore 

■^wi)j+2jDPi ■ Cwoj+2jDPi = -^Woj ■ Cwoi ' -^^i ' ^2j- (8) 

Finally, the Woj + 2jDPi and Woj events are collected using the same trigger selection. 
Taken together, this results in luminosity and efficiency cancellations and aeff is given by 

Nwo, A^2j 1 1 
/dp -^W+2i 2j -^li 



In a previous phenomenological study [flOl it was suggested to use the transverse 
momentum of the W boson, pj, as the key observable to distinguish double-parton scattering 
production of iy-|-2-jet events from the direct production channel. This observable suffers 
from experimental inaccuracies due to the fact that the kinematics of the W boson must be 
reconstructed from the missing transverse momentum, E™^^. Altematively, one could try 
to use the pj distribution of the individual jets, but their discrimination power is limited 
by uncertainties stemming from the jet energy scale. This leaves correlations between the 
jets or between the jets and the kinematics of the W as further possibilities, one being 
the azimuthal correlation of the two leading jets in the transverse plane. In the picture of 
DPI production advocated here, the kinematics of the W boson and the dijet systems are 
decorrelated. Therefore, the momenta of the two jets must compensate each other in the 
transverse plane, orienting them back-to-back in azimuthal angle, rendering, in principle, this 
angular separation between the jets a useful observable. However, due to the distortion of 
this variable by various systematic effects, in particular multiple proton-proton interactions 
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(pile-up) and the underlying event, in this analysis the balance in transverse momenta of the 
two jets is used instead, quantified by 

Ajets = \Pt'+Pt'\: (10) 

where pj and pj are the transverse momentum vectors of the two leading jets. Anticipating a 
potentially large dependence of Ajets on the jet energy scale, another observable, the transverse 
momentum of the dijet system normalised by the sum of the individual transverse momenta, 
Aj"jg, is constructed. 



I -tJi I ->J2 1 
.n _ \Pt+Pt\ 

'''' \p't'\ + \p't'\ 



(11) 



The distribution of Aj" is employed to drive the fit from which /^p^ is obtained, while 



the distribution of Ajets allows further checks. 



4. The ATLAS detector 



The ATLAS detector f36\ comprises a superconducting solenoid surrounding the inner 
detector (ID), as well as electromagnetic and hadronic calorimeters and a large 
superconducting toroid magnet system instrumented with muon-detection chambers. The 
ID system is immersed in a 2 T axial magnetic field and provides tracking information for 
charged particles in a pseudorapidity range matched by the precise measurements of the 
electromagnetic calorimeter. The silicon pixel and micros trip tracking detectors cover the 
pseudorapiditjill range |r] | < 2.5. The transition radiation tracker, which surrounds the silicon 
detectors, can perform tracking up to \r}\ = 2.0 and contributes to electron identification. 
The liquid-argon electromagnetic calorimeter is divided into one barrel (Ir/I < 1.475) and 
two end-cap components (1.375 < |7]| < 3.2). It uses an accordion geometry to ensure fast 
and uniform response, and fine segmentation for optimum reconstruction and identification 
of electrons and photons. The iron/scintillator tile hadronic calorimeter consists of a barrel 
covering the region |7]| < 1.0, and two extended barrels in the range 0.8 < |7]| < 1.7. The 
muon spectrometer is based on three large superconducting toroids with coils arranged in 
an eight-fold symmetry around the calorimeters, covering a range of |7]| < 2.7. Over most 
of this range, precision measurements of the track coordinates in the principal bending 
direction of the magnetic field are provided by monitored drift tubes. At large pseudorapidities 
(2.0 < Ir/I < 2.7), cathode strip chambers with higher granularity are used in the innermost 
station. The ATLAS detector has a three-level trigger system consisting of level- 1, level-2 and 
the event filter (LI, L2 and EF). The LI trigger rate at design luminosity is approximately 75 
kHz. The L2 and EF triggers reduced the recorded event rate in 2010 to approximately 200 
Hz. 

i ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre 
of the detector and the z-axis along the beam pipe. The jc-axis points from the IP to the centre of the LHC ring, and 
the y-axis points upward. Cylindrical coordinates (r, (p) are used in the transverse plane, (j) being the azimuthal 
angle around the beam pipe. The pseudorapidity is defined in terms of the polar angle as T] = — lntan(0/2). 
The rapidity of a particle with respect to the beam axis is defined asy = j In . 
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The dataset collected in 2010, corresponding to approximately 36 pb of integrated 
luminosity, is used in this analysis. The rate of overlapping uncorrected proton-proton 
interactions occurring within the same bunch crossing (also referred to as pile-up) gradually 
increased up an average of about two interactions per bunch- crossing throughout the data- 
taking period. The selection of W events is based on the leptonic W — )■ ev and W — )■ jUV 
decay channels and follows the one already described in Ref. [(41|. where more details can 
be found. It differs in the requirements on the jet transverse momentum and rapidity. The 
objects required for the different samples and templates needed in the analysis were selected 
as described in the following. 

To select electron candidates, clusters formed from energy depositions in the 
electromagnetic calorimeter are required with matched tracks in the inner detector, with 
the further requirement that the cluster shapes are consistent with electromagnetic showers 
initiated by electrons. Such electron candidates were required to have transverse momenta 
> 20 GeV and \r\ \ < 2.47. Electrons reconstructed in the transition region between the 
barrel and end-cap calorimeters {131 <\r] \ < 1.52) or falling into inactive regions of the 
calorimeter were excluded. The standard isolation requirement on electron candidates W2\ 
was applied to improve multi-jet background rejection. 

Muon candidates were selected by requiring > 20 GeV and jr/l < 2.4. They were 
reconstructed requiring both the muon spectrometer and the inner detector information. 
Additional requirements were applied to the number of hits used to reconstruct the track in the 
inner detector. Furthermore, the z-coordinate of the muon longitudinal impact parameter with 
respect to the interaction vertex was required to be less than 10 mm. A selection requirement 
was applied to the significance of the track transverse impact parameter to ensure that the 
muon was prompt. The standard isolation requirements were applied to the muons [,43,1 to 
improve multi-jet background rejection. 

To select events with a W boson, in addition to requiring exactly one lepton (e or 
jl) in the event, requirements were imposed on Ej^^^ and the transverse mass, mj. The 
^miss calculated using the reconstructed physics objects, the remaining energy deposits 
in the calorimeter, and the inner detector tracking information. The mj is defined in 
terms of the missing transverse energy and the charged lepton transverse momentum as 
mx = [2pjEj^^^{\ — cosA(^£^miss)], where Ac^^^miss is the angle between the lepton transverse 
momentum and the missing transverse momentum. Events were required to have E™'^^ > 
25 GeV and mj > 40 GeV. 

Jets are defined using the anti-kt algorithm ^44\ with radius parameter R = 0.4. The 
jets were reconstructed from clusters built from calorimeter cells, initially not accounting for 
different calorimeter response to electrons and hadrons, and subsequently calibrated p31. Jets 
were required to have pj > 20 GeV and \y\<2.S. All jets within AR = a/(At])2 -f- (A^)^ = 0.5 
of a selected electron or muon were removed from the analysis . The number of jets originating 
from pile-up interactions was reduced by applying a selection requirement on the jet-vertex 
fraction (JVF), which is defined for each jet in an event. After associating tracks to jets with a 
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matching in A7?(track, jet), requiring Ai? < 0.5, the JVF was computed for each jet as the scalar 
sum of the transverse momenta of all matched tracks from the interaction vertex divided by the 
total jet-matched track transverse momentum from all vertices. Jets were removed from the 
analysis if JVF < 0.75. This selection was not applied to jets that lie outside the acceptance 
of the inner detector or to those jets without matching tracks. 

With these selections, the following samples have been constructed: 

• W+O-jet sample, consisting of events passing either the — )• ev or — jUV selection 
and where no jets are found in addition to the W decay products; 

• V7-|-2-jet sample, consisting of events passing either the V7 — )• ev or — )■ /iv selection 
and where exactly two jets are found in addition to the W decay products; 

• dijet sample, which consists of events recorded with exactly two jets. The selected 
events were taken using the Minimum Bias Trigger Scintillators and Zero Degree 
Calorimeters, which have been shown [1461 to be unbiased and fully efficient for jet-based 
measurements. A subset of this sample with negligible pile-up, corresponding to the first 
184 |j.b^^ of data taking, was used to calculate the N2] term described in Equation (|9]). 

6. MC simulation 

The treatment of MC simulation and background estimation is based on that described in 
Ref. [41 J. The MC samples of events in this analysis were produced with CTEQ6L1 [j49l 
parton distribution functions. The simulation of detector effects was performed with 
Geant4 [|47|[ . These simulated event samples [|48l were used for the background and 
signal estimates. They were reweighted such that they matched the data in the number of 
reconstructed vertices per event. 

To simulate the W boson signal, samples of events were generated using Alpgen [[50l 
with the MLM [ISB matching scheme, interfaced with Herwig [[521 v6.510 and JiMMY [[531 
v4.31 (AUET2 tune), together referred to as A-i-H-i-J samples. Sherpa [|54l[ vl.3.1, with the 
CKKW l55|] merging, and with the default underlying event tune, was also used to simulate 
W events. 

MC generators populate the activity in a hard-scattering event with additional parton- 
parton scatters, the average number of which depends on the assumed lowest-px threshold 
of additional soft partons and the available phase space. The extra scatters are commonly 
called multi-parton interactions (MPI). Some of the scattered partons will materialise as jets 
of hadrons above a certain pj threshold. Others will result in extra hadronic activity added to 
the original hard scattering in the event. In this analysis, a threshold on the pi of the scattered 
parton, p^^^, is introduced, whose purpose is to separate these two classes of hard and soft 
scatters. 

In the A-i-H-i-J simulation, a sample of events without DPI may be obtained by removing 
events with two or more additional 2 — )• 2 parton scatters with a parton-level pi above a preset 
pT^^^. In Sherpa, the MLHANDLER switch is used to switch off the effects of DPI. 

As for potential sources of physics background to the W signal, Pythia6 [i56I was used 
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to produce MC samples for the modelling of multi-jet and Z ^ ii physics contributions. 
POWHEG jSTll was used to model the tt background contribution. MC@NLO [|58l was used 
to provide MC samples for the modelling of single top quark and diboson contributions. 

6.1. Sample composition 

The contributions of electroweak backgrounds (Z — )■ ii and diboson production), as well as 
W ^ tv,tt and single top quark production to both channels are estimated using Monte Carlo 
simulation. The absolute normalisation is derived using the total theoretical cross sections and 
corrected using the acceptance and efficiency losses of the event selection. These backgrounds 
amount to about 5% of the selected events in the electron channel (dominated by the W ^ TV 
contribution), and about 8% in the muon channel (dominated by the Z ^ ii contribution). 
The contributions from non-physics backgrounds were considered to be negligible. The 
background contributions to the selected events can also come from multi-jet production 
processes in which a lepton is either produced through the decay of a hadron containing a 
heavy quark, the decay-in-flight of a light meson to a muon, or through a coincidence of 
hadronic signatures mimicking the characteristics of a lepton. The shape and normalisation 
of the distribution of various observables in multi-jet backgrounds are determined using 
data-driven methods in both analysis channels. For the W ev selection, the background 
shape is obtained by reversing certain requirements on shower shape in the calorimeter in the 
data selection procedure to produce a multi-jet enriched sample. Similarly, to estimate the 
multi-jet contribution to V7 — )■ /iV, the background shape is obtained from data by inverting 
the requirements on the muon impact parameter and its significance to produce a multi- 
jet enriched sample. These multi-jet-enriched samples give the shapes of the distributions 
of multi-jet background observables. Their normalisation in the selected data sample is 
determined by fitting a linear combination of the multi-jet E™^^ shape, and that for the 
leptonic contribution, to the observed E™^^ distribution. The multi-jet background was thus 
estimated to contribute about 14% of the selected events in the electron channel and 6% in the 
muon channel in the selected V7-i-2-jet sample. 

Figure |2] shows the distributions of the two key observables Aj"jg and Ajets obtained 
in selected VK-i-2-jet events. The data are compared with the results from the Sherpa 
and A-i-H-i-J MC samples with their default MPI treatment, after adding the background 
contributions, which are also shown in the plots. 

6.2. Templates 

The fit, from which fj^ is extracted, is performed by comparing the distribution of Aj" at 
detector level in background-corrected data with two templates. 

• Template A "DPI-off" - normalised distribution of the discriminating variable for a 
sample in which the two jets originate from a primary scatter. The main sample for 
Template A was produced by A-i-H-i-J. To construct Template A, it is necessary to remove 
hard MPI candidate events from the generated sample. Relevant events contain the W 
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Figure 2. The (a, b) Aj" and (c, d) Ajets distributions at detector level for events passing the 
iy+2-jet selection cuts. The distributions from data (dots) are compared with (a, c) A+H+J 
and (b, d) Sherpa signal MC (histogram) predictions. In addition, physics backgrounds, also 
shown, have been added in due proportion to the MC histogram. 



boson as well as at least two outgoing partons, i.e., partons that stem from the hardest 
scatter, or that originate from a secondary scatter. Events containing two or more 
secondary partons above a defined cutoff scale, p^^^ = 15 GeV, are classified as DPI 
events and therefore rejected. The value of and its impact on the analysis are further 
discussed in Section l74l 

An alternative modelling of Template A was obtained using the Sherpa MC sample 
where MPI has been switched off altogether. This removes all secondary perturbative 
parton scatters, which effectively produce transverse momenta in the range > 
3.5 GeV, but it retains the initial-state radiation off the incoming legs of the hard matrix 
element, the generation of intrinsic transverse momentum and the fragmentation of beam 
remnants. 

As an example, the distributions of Aj^^^ and Ajets for simulated M^+2-jet events are 
displayed in Figure |3] These distributions were obtained from A+H+J, both inclusively 
and with DPI switched off (i.e. Template A). The distributions show sensitivity to the 
effect of double-parton scattering, especially at low values of A? ^ and Ajets- 
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of (a) Aj"jj, and (b) Ajets distributions, at detector level, 
expected in A+H+J, with DPI on and off (Template A). 
ratios of the DPI-on and DPI-off expectations. 



• Template B "DPl-only" - normalised distribution of the discriminating variable for a 
sample in which both jets originate from a DPI scatter The dijet sample described in 
Section [5] was used to approximate the DPI template. The fractional difference between 
the final results when using the dijet PYTHIA6 MC as Template B in place of dijet data 
was found to be well below the percent level. 

7. Strategy validation 

For the purpose of validation studies, the inclusive A+H+J sample was employed to mimic 
the data and its distribution was fitted as a combination of Templates A and B. As for the 
fits to the data distributions, Template A is based on the A+H+J sample with p^^^ = 15 GeV 
and Template B is based on the dijet data sample. The fitted value for f^'^^ thus obtained, 
once corrected for pile-up effects, can be compared to the expected fraction of DPI directly 
extracted at the parton level from the event record of the A+H+J sample. 

7.1. DPI at detector level in the MC simulation 

The fit of the combination of Template A and Template B to the nominal A+H+J A"gj^ 
distribution yields 

fm^\^.J = 0.051 ±0.003 (stat.). (12) 




Figure 4. Distribution of (a) A"^^^ and (b) Ajets in the inclusive A+H+J pseudo-data (dots) 
compared to the results of fitting A"^^^ by a linear combination of Template A (dashed line) 
extracted from this sample and of Template B obtained from the dijet data (blue solid line). 
The result is shown as the green histogram. The bins to the right of the vertical dash-dotted 
line were excluded from the fit. The pseudo-data and the overall fit have been normalised to 
unity. Template A to I - f^'^\^^J and Template B to f^'^\A"^J. 



In the fit to the distribution of AJ^^^, events with AJ^^^ > 0.93 (corresponding to the last 
two bins of the fit) were ignored, since they represent configurations with two nearly parallel 
jets and therefore rather test the parton shower model. The fit minimisation, when performed 
to the Ajets instead of the Aj"^^ distribution, resulted in a value /op*^"* (Ajets) that was within 
13% of /DP*^'*('^j"ets)- resulting description of the distributions in Aj"^^ and Ajets by the 
combination of the Templates A and B, using f^'^^ ('^j"ets) ' shown in Figure IH 

7.2. Influence of pile-up 

In order to account for the influence of pile-up, the extraction of f^^^ was repeated after 
selecting only events with the requirement of exactly one reconstructed vertex, imposed on 
both the inclusive A-i-H-i-J sample and Template A. A subset of dijet events from earlier data- 
taking periods, where the effects of pile-up were smaller, was used to model Template B. 
In this way, the fitted value of f'^^^ represents the DPI rate that would be extracted in the 
absence of pile-up. The result is 

/Dr^(Ajlts) = 0.059±0.007 (Stat.), (13) 

which is in good agreement with that obtained from a fit to the Ajets distribution. The ratio, 
''pile-up 5 of the f^^^ value with the one- vertex requirement to that without the requirement, 
without accounting for the effect of correlations|§l is rpiie-up = 1.17 ±0.15 (stat.). A direct 
extraction of f'^ using only single pp interactions is not possible due to the small numbers 



§ The impact of including the correlations is estimated to result in a maximum reduction of the statistical 
uncertainty on rpiie-up to 0.12. 
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of events in the data. For this reason, the ratio is used to correct fj^ to the result that would 
have been obtained in the case of single interactions. The statistical uncertainty on rpiie-up is 
duly propagated as a systematic uncertainty whenever appropriate. 



7.3. Transition from detector level to parton level 

An important question, central to this analysis, is whether the Ceff extracted at detector level 
can be related to the same quantity at the parton level. This is relevant because the value of 

Oeff used in theoretical applications is typically defined at parton level only. This question can 

(P) 

be translated into how close the DPI rate at parton level, /^p , is to the extracted DPI rate at 
detector level in the MC samples, fj^'^\ The parton-level DPI fraction is defined as 



(P) _ A^P(W^oj+2jDPi) 

A^P(m)j+2jDPi)+NP(W2j: 

where the various are the number of corresponding events at parton level. Here, the jets 
are directly identified with outgoing partons, with a fiducial acceptance chosen such that it 
matches that of the jets at detector level, 

p^ > 20 GeV , I/I < 2.8 and ARn > 0.5 , (15) 

where i denotes charged leptons and P the partons, as recorded at the generator level. The 
parton-level counting of the quantities A^^(Woj + 2jDPi) and N^{W2i) was performed in the 
inclusive A+H+J MC sample after selection of VF+2-jet events, and yielded 

/dp (Ajlts)= 0-064 ±0.001 (Stat.), (16) 
which is within 10% of the equivalent quantity at detector level, f^'^^- 

7.4. Ejfect of p^^"" value 

There could be sizable differences between the DPI-off samples provided by A+H+J and 
Sherpa. The origin of these differences has been identified as the difference in the extent to 
which softer MPI, at scales below the dijet transverse momenta, are included in the samples. 
In Sherpa, the only option is to switch off all such secondary interactions, while in A+H+J 
this can be steered through the p^^^ cut. In the A+H+J samples, events are removed from 
the inclusive sample if the pi in secondary parton-parton scatters is above p'if^^ = 15 GeV. 
All softer MPI scatters are left in the sample. In contrast, in the DPI-off SHERPA sample, all 
secondary parton scatters are switched off, corresponding roughly to a pj^^ ~ 3.5 GeV. To 
see how closely the two models can agree, pj^'^ in A+H+J was reduced to 3.5 GeV. Despite 
intrinsic differences in the MPI modelling, this choice replicates the Sherpa results to within 
10%, as is discussed in Section 1731 

In this particular analysis, it is desirable to include these soft MPI partons in both 
templates. In Template B they are present by default, and in Template A they must also 
be allowed as they do form a contribution to the direct production oi W -\- 2-jet events in 
nature, which Template A is set up to model. However, there is also an upper constraint 
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Figure 5. Variation of the extracted fraction of double-parton scattering from the A"^^^ 

distribution in the A+H+J MC simulation, /q^*^' (black points), as a function of the transverse 
momentum cut imposed on the scattered partons, p™^". The band illustrates the statistical 
component of the uncertainty of fl^'^\ relative to the reference sample with p™^" = 15 GeV, 
estimated by subtracting the statistical uncertainty of the reference sample in quadrature. The 
value, , of the fraction of double-parton scattering obtained directly at the parton level (see 
Equation (fT6] l) is also shown as a dashed line. 



on this threshold, since Woj + 2jDPi events where the jets have pj above 20 GeV should not 
enter Template A. To determine the optimal Pj^^, alternative predictions for Template A 
with different pj^^ values were constructed from the inclusive A+H+J sample. Fits to A?, 
distributions with different values of pj^^ in the A+H+J sample forming Template A were 
obtained. At low pj^^ values, < 7.5 GeV, the fits do not show good agreement with the 
A+H+J distribution, since then partons from soft MPI are removed in Template A and the 
hard jets become more correlated. This leads to an underestimation of fjy^'^^ ■ Conversely, at 
high pj^^, genuine Wq + 2jDPi events are not removed when constructing Template A, also 
leading to an underestimation of the extracted /jy^*"^ ■ These two competing effects are visible 
in Figure |5l which shows /jy^*"^ extracted as pj^^ is varied, along with the value of f^p, as 
defined in Equation (fT6l ). Therefore, the fit with the best agreement between /^p* and fjy^'^^ 
determines the value of p^^^ =15 GeV chosen as default for the construction of Template A 
in this analysis. In this case, the value of f^p, as defined in Equation (fT6l) (and indicated by 
the dotted line in Figure H), is within 10% of the value /^p^^ {A'^^J = 0.059 ± 0.007 obtained 
from the templates fit. This implies that, when using the optimal p™^'' derived above, the 
value of fjy^'^^ (and therefore f^^) can be regarded as a measurement at the parton level with 
an associated 10% uncertainty. 




Figure 6. Distribution of A^^^j, in the inclusive A+H+J pseudo-data (dots), (a) A+H+J with 
^max _ 3 5 GeV and (b) Sherpa were used to provide Template A. Other details are as in the 
caption to Figured 



7.5. Model dependence of Template A 

The effect of generator modelling is found by comparing the results for f^^\ when Sherpa 
is used to provide Template A, f^J, rather than A+H+J, f^^^^ ■ In this case for the A+H+J 
sample, the p™^" parameter was set to 3.5 GeV to keep the samples comparable. The results 
of these fits, after applying the pile-up correction rpUe-up^ are /^p = 0.031 ± 0.008 and 
f^^^^ = 0.034 ± 0.006. The quoted uncertainties are statistical and correlated between the 
two. However, the difference is smaller than either of the uncertainties and thus the results are 
consistent. The results of the two fits to the inclusive A+H+J sample are shown in Figured 

Extraction of 

Turning now to the data itself, the backgrounds are subtracted using the MC and data-driven 
estimates of Section 16.11 The parameter /^p^ was extracted from a fit to the distribution of 
Aj" in the data sample of V7+2-jet events after this physics background subtraction. After 
applying the pile-up correction rpiie-up^ this yields 

fmi^eJ = 0.076±0.013 (stat.), (17) 



with X /^dof = 37/28. The result quoted above is in good agreement with the result of a fit 



to the distribution of Ajets- The resulting distributions obtained with /dp^I-^Ls) shown in 



Figure |7] 

The systematic uncertainties on this extracted value of /^p^ are discussed in the follow- 
ing. 



Theoretical uncertainty 

The uncertainty due to generator modelling is estimated by comparing the results for 
/qp* with f^^\ To be conservative, the statistical uncertainty on f^p is propagated 
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Figure 7. Distribution of (a) A^^^^ and (b) Ajets in the background-subtracted data (dots) 

compared to the result from the best fit for /^p' (Aj^jj, ) . The result is shown as the green 
histogram. In (a), the bins to the right of the vertical dash-dotted line were excluded from 
the fit. Data and the overall fit have been normalised to unity, Template A (dashed line) to 



1 



. f(°VA" ) 
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and Template B (blue solid line) to fj^ {A^^ 



jets/ 



as a symmetric systematic uncertainty on f^^p due to the modelling. An additional un- 
certainty is due to the choice of p™^''. The systematic uncertainty due to the varia- 
tion of this value is obtained by demanding that f^'^^ and f^p are consistent within 
statistical uncertainties. From Figure |5] upward and downward variations of pj^^ by 
2.5 GeV and 5 GeV, respectively, are deduced. The value of p™^" was varied by these 
two amounts, resulting in a variation in f^'^^ of 0.003. The two uncertainties discussed 
above were added in quadrature to estimate the total theoretical uncertainty of 0.004. 

Jet energy scale and resolution 

The overall impact of the jet energy scale on was determined by shifting the jet en- 
ergy upwards and downwards in the MC samples by the jet energy scale uncertainty ll46l 
and repeating the fit. The variations were found to be -1-0.009 and —0.008, respec- 
tively. The larger of these two was symmetrised to provide the systematic uncertainty 
on /pp^ due to that on the jet energy scale. Similarly, the overall impact of the jet en- 
ergy resolution on was determined by degrading the jet energy resolution in the 
Monte Carlo samples by the jet energy resolution uncertainty, and re-performing the fit. 
The variation in in this case, assumed to be symmetric, was found to be 0.005. 

Physics backgrounds and lepton response 

The impact of both physics background modelling and lepton response was considered via a 
direct comparison of obtained separately in the W — )► ev and W ^ jiv channels. Half 
of the obtained difference, which was at the sub-percent level, was taken as a measure of 
the associated uncertainty. The uncertainty associated with background subtraction was also 
determined by varying the background normalisation and shape. The multi-jet background 
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shape was varied in both channels by using MC instead of data-driven methods to estimate 
it, with no reversal of cuts. The shift in in this case was —0.001. The normalisation 
of the multi-jet background was varied in the W ev channel by taking the relative nor- 
malisation of the background contribution from two independent methods of background 
estimation - this led to a relative variation of about 50%. For the V7 — t- /iV channel, in 
which multi-jet background is better understood, a fractional shift of 20% was assumed in 
the background normalisation. The shift in when the multi-jet background normal- 
isation was increased was found to be -1-0.008. The uncertainty associated with the nor- 
malisation of electroweak and top backgrounds was evaluated by increasing the predicted 
cross sections of these processes by their theoretical uncertainty of 5% [41J, resulting in a 
-1-0.001 variation in /^p^- Symmetrising and then adding these uncertainties in quadrature 
yields the total uncertainty due to physics backgrounds and lepton response on of 0.008. 

Pile-up 

The systematic uncertainty due to this effect was evaluated by propagating the statistical un- 
certainty on the pile-up correction, rpn^-up, as determined in Section 17^21 resulting in an 
uncertainty on of 0.010. 

Impact of W -I- 1 jet 

It was verified that the contribution of W + 1-jet configurations from the hardest scat- 
ter supplemented with a single jet from a secondary scatter formed a negligible con- 
tribution to the DPI rate at parton level, as well as in the modelling of Template A. 

The individual contributions to the systematic uncertainty on are summarised in 
Table [B The contributions are added in quadrature, yielding 

/jIJ) =0.076 ±0.013 (stat.) ±0.018 (sys.). (18) 

The extracted value of is consistent with the value of f^'^^ extracted in Section |7l within 
the quoted uncertainties and hence with /^p* at the parton level, as discussed in Section 17.31 
This implies that the MC models studied in the analysis describe the rate and kinematics of 
the DPI contribution well. 



8. Hadron-level studies 

Since aeff and /^p are intrinsically parton-level quantities, they are not directly observable. 
Conversely, contains residual dependencies on detector resolutions and efficiencies. This 
renders a direct comparison with theoretical models impossible. To allow the results of 
this study to be used for comparisons with MPI models in the future, the key distributions 
have been corrected for detector effects to the final-state hadron level. The hadron-level 
requirements mirror the selection described in Section |5] except that cuts were applied to 
hadron-level quantities in MC simulation. Hadron-level jets were constructed by running 
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Table 1. Summary of the fractional uncertainties on /j 



Systematic source 


Uncertainty [%] 


Theory 


10 


Pile- up 


13 


Jet energy scale 


12 


Jet energy resolution 


8 


Background modelling & lepton response 


11 


Total systematic 


24 


Total statistical 


17 



the same jet finder as for the detector level, using all final-state hadron-level particles with 
lifetimes longer than 30 ps as input, with the neutrinos and the charged leptons originating 
from the decay of the W bosons being excluded. Jets were defined with the anti-fc? algorithm 
with pj > 20 GeV, \y\ < 2.8 and R = 0.4. In addition, jets within a distance of AR = 0.5 
from the leptons were removed. Dijet events were required to contain exactly two jets, 
reconstructed using the same algorithm, input objects and kinematic selection as already 
described. The Aj"jj, and Ajets distributions in VF+2-jet data unfolded to the hadron level 
are shown in Figure [8] The background-subtracted data has been corrected, using a Bayesian 
unfolding algorithm, to the hadron level using the RooUnfold package [59]. The response 
matrix used to unfold the data was trained on A-i-H-i-J predictions and two iterations were 
used to converge to the unfolded distributions, resulting in a smoother distribution than that 
seen at detector level. The unfolded results are compared with both A-i-H-i-J and Sherpa MC 
predictions directly obtained at hadron level. 

The systematic uncertainties on the Aj^j^, and Ajets distributions were obtained by 
repeating the studies outlined in Section 17.51 with the exception of pile-up uncertainty. The 
latter was estimated by comparing the background-subtracted, corrected data distributions 
measured at hadron level with that obtained when rejecting all events other than those with 
exactly one primary vertex selected as described in Section \5\ The uncertainty due to the 
unfolding procedure itself was estimated as the shift in the corrected data distribution when 
Sherpa instead of A-i-H-i-J was used to train the response matrix. The overall uncertainty on 
the unfolded distribution was found, per bin of the distribution, by a quadrature sum of the 
uncertainties described above and is dominated by the pile-up uncertainty. For completeness, 
the unfolded A"gj^ and Ajets distributions are compared with a linear combination of Template 
A from A-I-H-I-J and Template B from Pythia6, both at the hadron level, in proportions 
determined by the value of f^, as shown in Figure |9] Perfect agreement between /^p-* and 
its hadron-level equivalent is not expected as the phase space at hadron level, covered by the 
W+2-jet sample at detector level used for the determination of is not exactly the same 
as for the unfolded distribution. The value of /pp'* determined directly via a fit at the hadron 
level was found to be within 10% of the value determined at detector level. 
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Figure 8. Distributions of (a, b) A^^^^ and (c, d) Ajets in the data after unfolding to hadron level 
(dots) compared to MC expectations from (a, c) A+H+J and (b, d) Sherpa at the hadron level 
(green histogram). The error bars represent the quadrature sum of systematic and statistical 
uncertainties on each bin, and both histograms have been normalised to unity. 



Determination of CTeff 

The value of agff is related to through Equation The additional input of the exclusivity 
ratio, Nwoj/Nw+2] = 23, is evaluated from the event yields in the selected V7+2-jet and V7+0- 
jet samples. The associated statistical uncertainty is at the 2% level. Additionally, the number 
of dijet events ^^2] = 9488 is obtained from the event yield in the early period of 2010 data 
taking, corresponding to an integrated luminosity of = 184 |j.b^^ In this period of data 
taking, the trigger selection for dijet events was measured to be fully efficient (£2j = 1) [|46ll . 
A further correction to A^2j was made for lepton-jet overlap removal, which was applied to 
the jets when constructing Template A but not in Template B. It was evaluated by applying 
overlap removal for jets in Template B, giving a correction factor of 0.96. 

The systematic uncertainties are summarised in Table |2] with the following breakdown 
of their origins: 

• The uncertainties on - determined in Section 1731 - are propagated asymmetrically 
to aeff. 




Figure 9. Distributions of (a) A"^^^ and (b) Ajets in the data after unfolding to hadron level (dots) 

compared to the results of a linear combination with fj^ (green histogram) of Template A 
extracted from A+H+J hadron-level simulation (dashed line) and of Template B obtained from 
the Pythia6 hadron-level simulation (solid blue line). The error bars on the data represent 
the quadrature sum of the statistical and systematic uncertainties. Data and the overall fit have 
been normahsed to unity, Template A to 1 — fj^ (ALJ and Template B to /^p' (A? J. 



• Physics backgrounds and response to leptons - the impact of the lepton energy 
response and background normalisation uncertainties were considered by propagating 
the uncertainty on obtained for this effect. In addition, the impact of lepton scale 
and the background normalisation uncertainties on the exclusivity ratio, NwQ-jNw+ij, 
were included. 

• Acceptance and response cancellation - Equation ^ is the result of factorisation which 
implies that the kinematics of the lepton and DPI system are not correlated, either in 
terms of geometrical acceptance or through detector response. Apart from the effect of 
lepton-jet overlap removal, which was discussed above, various sources of uncertainty 
on this assumption were considered and found to be negligible. 

Table 2. Summary of fractional systematic uncertainties on Ceff. 



Systematic source 


Uncertainty [%] 


.(D) 
■/DP 


24 


Background & lepton response 


5 


Luminosity 


3 


Total systematic 


+33 
-20 


Total statistical 


17 



The above leads to a measured central value of 

o-eif(V TeV) = 15 ±3 (stat.) +^ (syst.) mb. (19) 

Assuming factorisation, this value of aeff is consistent with values previously measured 
in other experiments at lower centre-of-mass [|T5l - |T9l , as can be seen in Figure [TOl 
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Figure 10. The centre-of-mass energy, y/s, dependence of ffgff extracted in different processes 
in different experiments. An offset has been appHed to the 1.8 TeV data points in order to 
distinguish them. The error bars on the data points represent the statistical and systematic 
uncertainties added in quadrature. 



9. Conclusions 

The double-parton interaction rate in events with a W boson and exactly two jets in 
the final state has been extracted in pp collisions at a centre-of-mass energy of y/s = 7 TeV 
using data corresponding to an integrated luminosity of 36 pb^^ For jets with transverse 
momentum pj > 20 GeV and rapidity \y\ < 2.8, in the ATLAS detector at the LHC, a central 
value of 

/^p^ =0.08 ±0.01 (stat.)±0.02 (sys.) 

is obtained. In terms of measured rate and kinematics of the dijet system there is good 
agreement with the predictions of the MC models studied in the analysis. The result for 
is used to extract the parameter Ceff through the production of V7+2-jet events. The value 
extracted from data is 

aeff(7 TeV) = 15 ±3 (stat.) +^ (sys.) mb. 

This value is consistent with values previously measured in other experiments at lower centre- 
of-mass energies. 
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F Gianotti^o, B. Gibbard^^, A. Gibson^^^ S.M. Gibson^o, M. Gilchriesei^ T.RS. Gillam^s, 

D. Gillberg^O, A.R. Gillmani^Q^ q jyj Gingrich^'/, J. Ginzburg^^^ N. Giokaris^, 



Hard double-parton interactions in W{-^ Iv) + 2-jet events 29 
M.P. Giordanii64c^ ^ Giordanoi"2a,i02b^ Giorgil^ P. Giovannini^^, RR Giraud^^e, 

D. Giugni89a, M. Giunta^^ B.K. Gjelstenii^, L.K. Gladilin^^, C. Glasman^o, J. Glatzer^i, 
A. Glazov42, G.L. Glonti^, J.R. Goddard^^ J. Godfreyi42, j. Godlewski^o, M. Goebel^^, 
T. Gopfert^, C. Goeringer^i, C. Gossling^^, S. Goldfarb^^ T. GoUingi^^ D. Golubkoyi^s, 
A. Gomes^^'^^'^ L.S. Gomez Fajardo'^^, R. Gonfalo'^^, 

J. Goncalves Pinto Firmino Da Costa'^^, L. Gonella^^ S. Gonzalez de la Hoz^^^, 

G. Gonzalez Parra^^, M.L. Gonzalez Silva^^, S. Gonzalez-Sevilla"^^, J.J. Goodson^"^^, 

L. Goossens^o, PA. Gorbounov^^ H.A. Gordon^^, 1. Gorelov^'^^ G. Gorfine^^^, B. Gorini^o, 

E. Gorini^2a,72b^ ^ Gorisek^^^ E Gomicki^^, A.T. Goshawk M. Gosselinkio^ 

M.I. Gostkin^^^ j Qough Eschrichi^^ M. Gouighrii^Sa^ d. Goujdamii^Sc^ M.P Goulette'^^ 

A.G. Goussiou^^s^ q q^^s^ 3 Gozpinar^^ I. Grabowska-Bold^^, p Grafstrom20a,20b^ 

K-J. Grahn'^^, E. Gramstad^i'^, R Grancagnolo^^a^ § Grancagnolo^^, V. Grassi^^^^ 

V. Gratcheyi^i, H.M. Gray^o, J.A. Grayi'^^ E. Grazianii34a^ q.G. Grebenyuk^^i, 

T. Greenshaw^^, Z.D. Greenwood^^'"*, K. Gregersen^^, I.M. Gregor"^^, P. Grenier^"^^, 

J. Griffiths^ N. Grigalashvili^^ A.A. Grillo^^^, k. Grimm^i, S. Grinsteini^, ph. Gris^^, 

Y.V. Grishkevich^^, J.-F. Grivaz^^^, A. Grohsjean"^^, E. Gross^^^, J. Grosse-Knetter^"^, 

J. Groth- Jensen 1^2^ K. Grybel^^i^ j) Guestl^^ O. Gueta^^^ C. Guicheney^^, E. Guido50a,50b^ 

T. Guilleminii^ S. Guindon^^^ y. Gul^^, J. Gunther^^s, b. Guo^^s, J. Guo^^, p Gutierreziii, 

N. Guttmani^^ O. Gutzwiller^^^ C. Guyot^^e, c. Gwenlan"^ C.B. Gwilliam^^ A. Haas^^^ 

S. Haas^o, C. Haber^^ H.K. Hadavand^ D.R. Hadley^^ P Haefner^i, Z. Hajduk^^, 

H. Hakobyani'^^ D. Hall^i^ G. Halladjian^^, K. Hamacheri^^ R Hamal^i^ K. Hamano^^, 
M. Hamer54, A. Hamiltoni'^5b,o^ § Hamiltoni^i, L. Han^^b, k. Hanagaki^i^, K. Hanawa^^^, 
M. Hance^^ C. Handel^^ P. Hanke^^**, J.R. Hansen^^, J.B. Hansen^^, J.D. Hansen^^, 

PH. Hansen^^, R Hansson^^^^ K. Harai^*^, T. Harenberg^^^ S. Harkusha^o, D. Harper^^, 

R.D. Harrington'^'', O.M. Harris^^^, J. Hartert"^^, F. Hartjes^°^, T. Haruyama''^ A. Harvey^^, 

S. Hasegawai'^\ Y. Hasegawa^^o^ 3 Hassani^^e^ 5 Haug^^, M. Hauschild^^, R. Hauser^^ 

M. Havranek^i, CM. Hawkes^^ R.J. Hawkings^", A.D. Hawkins^'^, T. Hayakawa^'', 

T. Hayashii^o, D. Hayden^^ CP Hays^^^ H.S. Hayward^^ S.J. Haywood^^g^ 3 j Head^^ 

T. Heck^^ V. Hedberg"^^, L. Heelan^, S. Heim^^^, B. Heinemann^^, S. Heisterkamp^'', 

L. Helary22, C. Heller^^ M. Heller^o, S. Hellmani'^^^'i'^^^, D. Hellmich^i, C. Helsens^^, 

R.C.W. Henderson^^ M. Henke^^**, A. Henrichs^^^, A.M. Henriques Correia^°, 

S. Henrot-Versille^^^, C. Hensel^"^, CM. Hernandez^, Y. Hernandez Jimenez^^^, 

R. Herrbergi'', G. Herten'^^ R. Hertenberger'^^ L. Hervas^O, G.G. Hesketh"^"^, N.R Hesseyi'^^, 

R. Hickling^^ E. Higon-Rodriguezi^^ J.C HilP, K.H. Hiller^^, S. Hillert^i, S.J. Hillieri^ 

I. Hinchliffeis, E. Hinesi^o, M. Hirosell^ F Hirsch^^ D. Hirschbuehli^^ J. Hobbs^^s, 
N. Hodi^^ M.C Hodgkinsoni39, R Hodgsoni39, A. Hoecker^o, M.R. Hoeferkamp^^^ 
J. Hoffman^o, D. Hoffmann^^ M. Hohlfeld^\ S.O. Holmgren^^ea^ t. Holy^^s, 

J.L. Holzbauer^^, T.M. Hong^^o, l. Hooft van Huysduynen^°^, S. Horner"*^, J-Y. Hostachy^^, 
S. Hou^^^ A. Hoummada^^^^, J. Howard^^^, J. Howarth^^, M. Hrabovsky^^^, I. Hristova^^, 
J. Hrivnac"^ T. Hryn'ova^ PJ. Hsu^^, S.-C. Hsu^^s, D. Hu^^, Z. Hubacek^o, F Hubaut^^ 

F. Huegging^^ T.A. Hulsing^^ A. Huettmann"^^, T.B. Huffman^^^, E.W. Hughes^^ 

G. Hughes''^ M. Huhtinen^^, M. Hurwitz^^, N. Huseynov^'^'^, J. Huston^^, J. Huth^'^, 
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G. lacobucci^^, G. lakovidis^*^, M. Ibbotson^^, I. Ibragimov^^\ L. Iconomidou-Fayard^^^, 
J. Idarraga^^^, P. lengo^*^^'^, O. Igonkina^^^, Y. Ikegami^^, K. Ikematsu^'^^ M. Ikeno^^, 

D. Iliadis^^"^, N. Ilic^^^ T. Ince^^, P. loannou^, M. Iodice^34a^ lordanidou^, 

V. Ippolitoi32a,i32b^ A jj-igg Quiles^^^, C. Isaksson^^^, M. Ishino^^, M. Ishitsuka^^"^, 
R. Ishmukhametov^^^, C. Issever^^^, S. Istin^^^, A.V. Ivashin^^^, W. Iwanski^^, H. Iwasaki^^, 
J.M. Izen'^i, V. Izzo^^^a^ g Jackson^^o, j.n. Jackson^^ P Jackson^, M.R. Jaekel^*^, V. Jain^, 
K. Jakobs'^^ S. Jakobsen^^, T. Jakoubeki^s, j. Jakubeki^e, D.O. iamm^^\ D.K. Janaii^, 

E. Jansen^^, H. Jansen^'^, J. Janssen^^ A. Jantsch^^, M. Janus^^, R.C. Jared^^^, G. Jarlskog^^, 
L. Jeanty^^, 1. Jen-La Plante3^ G.-Y. Jeng^^°, D. Jennens^^, P. Jenni^'^, 

A.E. Loevschall-Jensen36, p Jez^^, S. Jezequel^ M.K. Jha2"^ H. Ji^^^ W. Ji^^, J. Jia^^S, 
Y. Jiang^^*', M. Jimenez Belenguer'^^, S. Jin^-^^, O. Jinnouchi^^^, M.D. Joergensen-^^, 

D. Joffe'^o, M. Johanseni'^6^'1'^6'', K.E. Johanssonl'^6^ R Johanssoni^^, s. Johnert'^^^ 
K.A. Johns^ K. Jon-And^'^^^'i'^^*', G. Jones^'^o, R.W.L. Jones^^, T.J. Jones''^ C. Joram^o, 
RM. Jorgei24a^ ^ ^ joshi^^^ j Jovicevic^'^^, T. Jovini^b, x. Ju^'^^ C.A. Jung'^^ 

R.M. Jungst^o, V. Juraneki25, r Jussel^^ A. Juste Rozas^^, S. Kabana^^, M. Kaci^^'^, 
A. Kaczmarska^^, P. Kadlecik^^, M. Kado^^^, H. Kagan^*^^, M. Kagan^^, E. Kajomovitz^^^, 
S. Kalinini^^ L.V. Kalinovskaya^^^ s. Kama^^, N. Kanaya^^^ M. Kaneda^^, S. Kaneti^^ 
T. Kanno^^^, V.A. Kantserov'^^, J. Kanzaki^^ B. Kaplanl"^ A. Kapliy^^, D. Kar^^ 
M. Karagounis^\ K. Karakostas^*^, M. Kamevskiy^^'', V. Kartvelishvili^\ 

A. N. Karyukhini28, L. Kashif^^^ G. Kasieczka^^^, R.D. Kass^^^^ A. Kastanas^^, 

Y. Kataoka^^^, J. Katzy*^, V. Kaushik^, K. Kawagoe^^, T. Kawamoto^^^, G. Kawamura^^ 
S. Kazama^^^ V.R KazaniniO"^, M.Y. Kazarinov^"^, R. Keeler^^^, RT. Keener^^o, R. Kehoe'^o, 
M. Keil^'^, J.S. Keller^^s, M. Kenyon^^, H. Keoshkerian^, O. Kepka^^s^ Kerschen^o, 

B. P Kersevan'^'^, S. Kersten^^^ K. Kessoku^^^ J. Keung^^^ R Khalil-zada^ \ 

H. Khandanyani46aa46b^ ^ Khanovi^^ D. Kharchenko^^^ ^ Khodinov'^^ A. Khomich5^^ 
T.J. Khoo^s, G. Khoriauli^i, A. Khoroshiloyi^^ V. Khovanskiy'^^ E. Khramov^^^ 

J. Khubua^i'', H. Kimi46a,i46b^ g.H. Kimi^*^, N. Kimurai^i, O. Kindl^ B.T King^^, 

M. King66, R.S.B. Kingll^ J. Kirki29, A.E. Kiryunin^^, T. Kishimoto^^ D. Kisielewska^^ 

T. Kitamura^^, T. Kittelmanni^S^ Kiuchi^^O, E. Kladiva^"^^, M. Klein^^ U. Klein^^ 

K. Kleinknecht^i, M. Klemetti^^ A. Klier^'^^^ p Klimeki46a,i46b^ ^ Klimentov^^, 

R. Klingenberg'^^ J.A. Klinger^^^ ^.B. Klinkby^^, T. Klioutchnikova^^, PR Klok^^^, 

S. Klous^O^ E.-E. Kluge5^^ T Kluge^^ P Kluit^^^ S. Kluth^^, E. Kneringer^^ 

E. B.RG. Knoops^^ A. Knue^^^ g r j^o45^ j Kobayashii^^ M. Kobel^'^, M. Kociani^S, 
P Kodysi27, K. Koneke^o, A.C. Komg^^^, S. Koenig^i, L. Kopke^^, R Koetsveldi*^^^ 

P Koevesarki^i, T. Koffas^^, E. Koffeman^'^^ L.A. Kogan^i^ S. Kohlmanni^^ R Kohn^^^ 
Z. Kohouti26, T. Kohriki^^ T. Koi^^s, h. Kolanoskii^ V. Kolesnikov^^^ j Koletsou^'^^ 
J. KoU^^ A.A. Komar^^^ y. Komorii^^ T. Kondo'^^ T. Kono42^?, A.I. Kononov^^, 
R. Konoplich^^^''', N. Konstantinidis'^'^, R. Kopeliansky^^^^ 5. Kopemy^^ A.K. Kopp'^^ 
K. Korcyl^^, K. Kordas^^^^, A. Kom^^, A. Korol^^^, I. Korolkov^^, E.V. Korolkova^^^, 
V.A. Korotkov^^S^ q. Kortner^^, S. Kortner^^, V.V. Kostyukhin^i, S. Kotov^^, V.M. Kotov^, 
A. Kotwal"^^, C. Kourkoumelis^, V. Kouskoura^^^, A. Koutsman^^^'*, R. Kowalewski^^^, 
TZ. Kowalski^s, W. Kozaneckii36, a.S. Kozhin^^s, v. Kral^^e^ Kramarenko^^ 
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G. Kramberger^^, M.W. Krasny^^, A. Krasznahorkay^^^, J.K. Kraus^^ F. Krauss'^, 

A. Kravchenko^^, S. Kreiss^*^^, F. Krejci^^^, J. Kretzschmar^^, K. Kreutzfeldt^^, 

N. Krieger54, R Krieger^^s, K. Kroeninger^^, H. Kroha^^, J. KroU^^^, J. Kroseberg^i, 

J. Krsticl3^ U. Kruchonak^"^, H. Kruger^i, T. Kruker^"^, N. Krumnack^^ Z.V. Krumshteyn^'^, 

M.K. Kruse'^^ T. Kubota^^, S. Kuday'^^ S. Kuehn'^^ A. Kugel^^^ T. Kuhl'^^, v. Kukhtin^'^, 

Y. Kulchitsky^o, S. Kuleshov^^b^ Kuna^^ J. Kunkle^^^, A. Kupco^^s^ pj Kurashige^^, 

M. Kuratai6°, Y.A. Kurochkin^O, V. Kus^^s, e.S. Kuwertz^^^ M. Kuze^^^ J. Kvita^^^^ 

R. Kweel^ A. La Rosa^^, L. La Rotonda^^^'^^b, l. Labarga^*^, S. Lablak^^Sa^ c. Lacasta^^^, 

F. Lacavai32a,i32b^ j Lacey^^, H. Lacker^^, D. Lacour^^ V.R. Lacuesta^^^ E. Ladygin^"^, 
R. Lafaye^, B. Laforge^^, T. Lagouri^^^, S. Lai^^, E. Laisne^^, L. Lamboume^^, 

C.L. Lampen^ W. Lampl^, E. Lanconi36, u. Landgraf*^ M.RJ. Landon^^ VS. Lang^^a^ 
C. Lange^^^ A.J. Lankford^^^ F. Lanni^^, K. Lantzsch^o, A. Lanzall9^ S. Laplace^^ 

C. Lapoire^i, J.F. Laporte^^^, T. Lari^^'*, A. Lamer^i^ M. Lassnig^o, R Laurelli'^'^, 
V. Lavorini^'^'^'^'^'', W. Lavrijsen^^, P. Laycock^^, O. Le Dortz'^^, E. Le Guirriec^^, 
E. Le Menedeu^^^ j LeCompte^, E Ledroit-Guillon^^, H. Lee^^^, J.S.H. Lee^i^, 
S.C. Lee^^i, L. Lee^^^, M. LefebYre^^'^, M. Legendre^^e, r Legger^^ C. Leggett^^ 

M. Lehmacher2\ G. Lehmann Miotto^", A.G. Leister^^^, M.A.L. Leite^'^'^, R. Leitner^^"^, 

D. Lellouchi^2^ g Lemmer^^, V. Lendermann58^ K.J.C. Leney^^Sb^ j Lenz^OS, 

G. Lenzen^^^ B. Lenzi^o, K. Leonhardt'^^^ 5. Leontsinisi*^, F. Lepold^^% C. Leroy^^ 
J-R. Lessard^^'^, C.G. Lester^^, CM. Lester^^o, j. Leveque^ D. Levin^^ L.J. Levinson^^^^ 
A. Lewis^i^ G.H. Lewis^^^ A.M. Leyko^i, M. Leytoni^, B. Li^^b, B. Li^^ H. Li^^^ 

H. L. Lpi, S. Li33b,f, X. Li^^ Z. Liang^i^'", H. Liao^^, B. Liberti^^S^ R Lichard^O, K. Lie^^^ 
W. Liebigi^, C. Limbach^i, A. Limosani^^, M. Limper^^^ ^ q Lin^^i'^ E Linde^O^ 

J.T. Linnemann^^, E. Lipeles^^*^, A. Lipniacka^"^, T.M. Liss^^^, D. Lissauer^^, A. Lister"*^, 

A.M. Litkei37, d. U\x^^\ J.B. Liu^^b, l. Liu^^ M. Liu^^b, y. Liu^^b, m. Livani^^a,!!*^ 

S.S.A. Livemiore^^^, A. Lleres^^, J. Llorente Merino^'^, S.L. Lloyd^^, E. Lobodzinska"^^, 

P. Loch^, W.S. Lockman^^^, T. Loddenkoetter^^ F.K. Loebinger^^, A. Loginov^^^, 

C.W. Lohl6^ T. Lohse^^, K. Lohwasse/^, M. Lokajicek^^s^ y p Lombardo^ R.E. Long^^, 

L. Lopes^^^^, D. Lopez Mateos^^, J. Lorenz^^, N. Lorenzo Martinez^^^, M. Losada^^^, 

R Loscutoffi^ E Lo Sterzoi32a,l32b^ ^.J. Lostyi^^**'*, X. Lou'^i, A. Lounis^i^ 

K.E Loureiro^^^^ j Love^, RA. Love'^i, A.J. Lowe^^^^'*, E Lu^^a, H.J. Lubatti^^s^ 

C. Lucii32a,i32b^ A Lucotte^^ D. Ludwig'^^^ j Ludwig^^ J. Ludwig'^^ E Luehring^^, 

W. Lukas^\ L. Luminari^^^'^, E. Lund^^^, B. Lund-Jensen^"^^, B. Lundberg^^, 

J. Lundbergi46a,i46b^ q. Lundbergi46a,i46b^ j Lundquist^^, M. Lungwitz^^, D. Lynn^^, 

E. Lytken^^ H. Ma^^, L.L. Ma^^^ G. Maccarrone^^, A. Macchiolo^^, B. Macek^^^ 

J. Machado Miguens^24a^ p Macina^", R. Mackeprang^^, R. Madar"^^, R.J. Madaras^^, 
H.J. Maddocks^\ W.E Mader^^, A.K. Madsen^^^, M. Maeno^ T. Maeno^^, R Mattig^^^ 
S. Mattig42^ L Magnoni^^^ E. Magradze^^^ g Mahboubi'^^ J. Mahlstedt^^^ S. Mahmoud'^^ 
G. Mahout^^ C. Maianii^e, c. Maidantchik^^a, a. Maio^^^'^ S. Majewski^^, y. Makida^^ 
N. Makovec^i^ R Mal^^^, B. Malaescu^^, Pa. Malecki^^, p Malecki^^, V.R Maleev^^^ 
E Malek^^ U. Mallik^^, D. Malon^, C. Malone^^^ S. Maltezos^^, V. Malyshev^^'^, 
S. Malyukov^^, J. Mamuzic^^^, A. Manabe^^, L. Mandelli^^*^, I. Mandic^"^, R. Mandrysch^^, 
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J. Maneira^^"^^, A. Manfredini^^, L. Manhaes de Andrade Filho^*'', J.A. Manjarres Ramos 
A. Mann^^, P.M. Manning^^^, A. Manousakis-Katsikakis^, B. Mansoulie^^^, R. Mantifel^^, 

A. Mapelli^o, L. Mapelli^", L. March^^^, J.F. Marchand^^, R Marchese^33a,i33b^ 

G. Marchiori^^, M. Marcisovsky^^^, C.R Marino^^^, F. Marroquim^"^^, Z. Marshall^^, 
L.F. Marti^'^, S. Marti-Garcia^^'^, B. Martin^^, B. Martin^^ J.R Martin^^ T.A. Martin^^, 
V.J. Martin'^^, B. Martin dit Latour"^^, S. Martin-Haughi'^^, H. Martinez^^^, M. Martinez^^^ 
V. Martinez Outschoom^^, A.C. Martyniuk^^^, M. Marx^^, F. Marzano^^^^, A. Marzin^^^ 
L. Masetti^\ T. Mashimo^^^, R. Mashinistov^"^, J. Masik^^, A.L. Maslennikov^^^, 

I. Massa^^'^'^^^, N. Massol^, R Mastrandrea^"^^, A. Mastroberardino^^'*'^'^'', T. Masubuchi^^^, 

H. Matsunaga^^^, T. Matsushita^*", C. Mattravers^^^'"^, J. Maurer^^, S.J. Maxfield"^^, 
D.A. Maximov^°^''\ R. Mazini^^\ M. Mazur^^ L. Mazzaferro^^^^'^^^'', M. Mazzanti^^'', 
J. Mc Donald^^ S.R Mc Kee^"^, A. McCam^^^ R.L. McCarthy^^s, T.G. McCarthy^^, 
N.A. McCubbini29, k.W. McFarlane^^'*, J.A. Mcfayden^^^, g. Mchedlidze^^*', 

T. Mclaughlan^^ S.J. McMahoni29, r.a. McPhersoni^^'^, A. Meade^'^, J. Mechnichi^s, 

M. Mechtel^'^^, M. Medinnis"^^, S. Meehan^^ R. Meera-Lebbai^^^ T. Meguro^^^, 

S. Mehlhase^^, A. Mehta'^^, K. Meier^^"*, C. Meineck^^, B. Meirose'^^, C. Melachrinos^^ 

B. R. Mellado Garcia^^^ F. Meloni^'^^'^'^'', L. Mendoza Navas^^^^ 2. Meng^^^'^, 
A. Mengarelli20'''20b^ s. Menke'^^ E. Meonii^i, K.M. Mercurio^^, R Mermod^^, 

L. Merolai'^2a,i02b^ q Meroni^^a^ p g Merritt^i, H. Merrittio^ A. Messina^O'^, J. Metcalfe^^, 
A.S. Mete^^^ C. Meyer^^ C. Meyer^i, J-R Meyer^^^, j. Meyer^o, J. Meyer^^, S. Michal^o, 
L. Micu26^ R.R Middletoni29, s. Migas^^ L. Mijovici^^, G. Mikenbergi'^^^ 
M. Mikestikova^^^ M. Mikuz'^^, D.W. Miller^i, R.J. Miller^^ W.J. Mills^^^ C. Mills^^ 
A. Milov^'^^^ D Milstead^'^^'^'i'^^^, D. Milstein^'^^^ q Milutinovic-Dumbelovicl3^ 
A.A. Minaenko^^^, M. Minano Moya^^^, LA. Minashvili^"^, A.L Mincer^*^^, B. Mindur^^, 
M. Mineev^^^ y. Ming^^^ L.M. Mir^^, G. Mirabelli^^Sa^ j. Mitrevski^^^, V.A. Mitsou^^^, 
S. Mitsui^^ RS. Miyagawai39, j.u. Mjommark^^^ j MQ^i46a,i46b^ y Moeller^^, 
K. Monig42, N. Moser^i, S. Mohapatra^^^ W. Mohr^^, R. Moles-Vallsi^^ A. Molfetas^o, 
J. Monk^"^, E. Monnier^^, J. Montejo Berlingen^^, F. Monticelli^°, S. Monzani^^^'^^^, 
R.W. Moore^, C. Mora Herrera"*^, A. Moraes^^, N. Morange^^, J. Morel^"^, D. Moreno^^ 
M. Moreno Llacer^^^, P. Morettini^^**, M. Morgenstem**, M. Morii^^, A.K. Morley^^, 

G. Momacchi^o, J.D. Morris^^ L. Morvaj^^^ H.G. Mosei^^, M. Mosidze^^'', J. Moss^^^, 
R. Mounti'^^ E. Mountricha^O'^, S.V. Mouraviev^^'*, E.J.W. Moyse^"^, R Mueller^Sa, 

J. Muelleri23, K. Mueller^i, T.A. Muller^^, T. Mueller^\ D. Muenstermann-^o, 

Y. Munwes^^^, W.J. Murray^^^^ j Mussche^"^, E. Musto^^^, A.G. Myagkov^^^, 

M. Myska>25^ q Nackenhorst^^, J. Nadal^^, K. Nagai^^^, R. Nagai^^^, Y. Nagai^^ 

K. Nagano^^, A. Nagarkar^*^^^ y. Nagasaka^^^ y[ Nagel^^, A.M. Nairz^*^, Y. Nakahama^*^, 

K. Nakamura^^, T. Nakamura^^^, L Nakano^^^, H. Namasivayam^\ G. Nanava^^ 

A. Napier^^i, R. Narayan^^'', M. Nash'^^''', T. Nattermann^^ T. Naumann'^^, G. Navarro ^^2, 

H. A. Neal^'^, RYu. Nechaeva^'^, T.J. Neep^^^ a. Negri^i^^'ii^'', G. Negrito, M. Negrini^Oa, 
S. Nektarijevic'^9, A. Nelson^^^ T.K. Nelson^^^^ S. Nemecek^^s, r Nemethy^o^ 

A.A. Nepomuceno^"^^, M. Nessi^^'^, M.S. Neubauer^^^, M. Neumann^^^, A. Neusiedl^\ 
R.M. Neves^°^, P. Nevski^^, RM. Newcomer^^^, PR. Newman^^, D.H. Nguyen^, 
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V. Nguyen Thi Hong^^^, R.B. Nickerson^^^, R. Nicolaidou^^^, B. Nicquevert^^, 

F. Niedercom^^^, J. Nielsen^^^, N. Nikiforou-^^, A. Nikiforov^^, V. Nikolaenko^^^, 
I. Nikolic-Audit'^^ K. Nikolics'^^ K. Nikolopoulos^^ H. Nilsen^^, p. Nilsson^ 

Y. Ninomiya^^^, A. Nisati^32^ R. Nisius^^, T. Nobe^^"^, L. Nodulman^, M. Nomachi^^^, 

I. Nomidis^^^, S. Norberg"^ M. Nordberg^o, J. Novakova^^v^ ^ Nozaki^^ L. Nozka"^ 

A.-E. Nuncio-Quiroz^^, G. Nunes Hanninger^^, T. Nunnemann^^, E. Nurse^^, 

BJ. 0'Brien46, D.C. O'Neili^z, v. O'Shea^^^ L.B. Oakes^^, RG. Oakham^^/, 

H. Oberlack''9, J. Ocariz^^ A. Ochi^^ S. Oda^^ S. Odaka^^ J. Odier^^ H. Ogren^o, 

A. Oh^^ S.H. Oh^s, C.C. Ohm^", T. Oh^Uma}^\ W. Okamuraii^ H. Okawa^^, 

Y. Okumura^i, T. Okuyama^^^ A. Olariu^^a, A.G. Olchevski^^^ s.A. Olivares Pino^^, 
M. Oliveira^^'^'''', D. Oliveira Damazio^^, E. Oliver Garcia D. Olivito^^^, A. Olszewski^^, 
J. Olszowska^^, A. Onofrei24a,«a^ ¥.\]B. Onyisi^i-"*, C.J. Oraml59^ M.J. Oreglia^i, 
Y. Oren^^^ D. Orestanoi34a,i34b^ Orlando^2a,72b^ q Oropeza Ba^■era^^ R.S. Orr^^s, 

B. Osculati^O'*'^^'', R. Ospanov^^o^ q Osuna^^^ q Qtero y Garzon^^, j.p Ottersbachi^^, 
M. Ouchrifi35d, E.A. Ouellette^^^, R Ould-Saada^^^, A. Ouraou^^^, Q. Ouyang^^a, 

A. Ovcharova^^, M. Owen^^, S. Owen^^^, V.E. Ozcan^^'^, N. Ozturk^, A. Pacheco Pages^^, 

C. Padilla Aranda^^, S. Pagan Griso^^ E. Paganis"*^, C. Pahl'^'^, F. Paige^^ P Pais^'*, 
K. Pajchelii^ G. Palacinoi^^b^ Paleari^, S. Palestini^o, D. Pallin^^, A. Palma^^^a^ 
J.D. Palmer^^ YB. Pan^^^, E. Panagiotopoulou^^, J.G. Panduro Vazquez^'', P. Pani^^^, 
N. Panikashvili^^, S. Panitkin^^, D. Pantea^^a, A. Papadelis^^^a^ Th.D. Papadopoulou^*^, 
A. Paramonov^, D. Paredes Hemandez^^^ ^^ Park^^'^^^ M.A. Parker^^, R Parodi^°^'^°^, 
J.A. Parsons^^, U. Parzefall"^^, S. Pashapour^^, E. Pasqualucci^^^**, S. Passaggio^^^, 

A. Passeri^^'^'', R Pastore^^'^'^'i^'^^'*, Fr. Pastore^^, G. Pasztor^^^"^, S. Pataraia^^^, 

N.D. Pateli^o^ j r pater^2^ s. Patricellii02a,i02b^ ^ Pauly^o, J. Pearce^^^ M. Pedersen^i^, 

S. Pedraza Lopez^^"^, M.I. Pedraza Morales^^^ S.V. Peleganchukio^, D. Pelikan^^^, 

H. Peng-^-^'', B. Penning^\ A. Penson^^, J. Penwell^^, T. Perez Cavalcanti^^, 

E. Perez Codinai^'^% M.T. Perez Garcia-Estan^^^, V. Perez Reale^^, L. Perini^'^^'^^b^ 

H. Pemegger^o, R. Perrino^^'', P Perrodo^ V.D. Peshekhonov^"^, K. Peters^^, R.RY. Peters^^, 

B. A. Petersen^O, J. Petersen^^, T.C. Petersen^^, E. Petit^, A. Petridis^^"^, C. Petridou^^"^, 
E. Petrolo^^^a^ p Petruccii3'^^'i34b^ ^ PetschuU'^^^ M Pettenii'^^, r. Pezoa^^i', A. Phan^^, 
RW. Phillips^29^ Q piacquadio^O, A. Picazio"^^, E. Piccaro'^^, M. Piccinini^Oa-ZOb^ 

S.M. Piec'^^^ R Piegaia^^, D.T. Pignotti^'^^, J.E. Pilcher^i, A.D. Pilkington^^^ j pinai24a,c^ 
M. Pinamontii64a,i64c,fle^ ^ Pinder^^^ J.L. Pinfold^, A. Pingel^^, B. Pintoi24a^ 

C. Pizio^'^^'S^b^ ]y[ Pleier^s, V. Pleskot^^^, r. piotnikova^^^ p Plucinskii46a,i46b^ 

A. Poblaguev^s, S. Poddar^^% R Podlyski^^, R. Poettgen^\ L. Poggioli^i^ D. Pohl^i, 
M. Pohl49, G. Poleselloii9a^ a. Policicchio^^a^Tb^ ^ Polifka^^^ A. Polini^Oa, j. PoU^S^ 

V. Polychronakos^^, D. Pomeroy^^, K. Pommes^'^, L. Pontecorvo^^^^, B.G. Pope^^, 

G. A. Popeneciu^^^, D.S. Popovic^^^, A. Poppleton^o, X. Portell Bueso^^, G.E. Pospelov^^, 
S. Pospisili26, 1.N. Potrap^^, C.J. Potter^^^, c.T. Potteri^^, g. Poulard^^, J. Poveda^^, 

V. Pozdnyakov^"^, R. Prabhu^"^, R Pralavorio^^ A. Pranko^^, S. Prasad^^, R. Pravahan^^, 
S. Prell^^, K. Pretzl^"^, D. Price^°, J. Price"^^, L.E. Price^, D. Prieur^^^ M. Primavera^^^, 
M. Proissl"^^, K. Prokofiev^^^ F. Prokoshin^^i', S. Protopopescu^^, J. Proudfoot^, 
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X. Prudent^^, M. Przybycien^^, H. Przysiezniak^, S. Psoroulas^\ E. Ptacek^^^, 
E. Pueschel^"^, D. Puldon^'^^ M. Purohit^^ "^, P Puzo^^^ Y. Pylypchenko^^^ j Qian^^^ 
A. Quadt^'^, D.R. Quarriei^ W.B. Quayle^^^ M. Raas^^^^^ y Radeka^^, V. Radescu'^^^ 
R Radloffii'^, F. Ragusa^^^'^^^, G. Rahali'^^ A.M. Rahimiio^, S. Rajagopalan^^, 
M. Rammensee'*^, M. Rammes^'^^ A.S. Randle-Conde'^^, K. Randrianarivony^^, 

C. Rangel-Smith^^ K. Rao^^^ F. Rauscher^^ T.C. Rave"*^, M. Raymond^^, A.L. Read^i^^, 

D. M. Rebuzzi"9^'ii9b^ a. Redelbachi^^, G. Redlinger^^, R. Reecei^o, K. Reeves^i, 

A. Reinsch^i'^, 1. Reisinger^^, M. Relich^^^ C. Rembser^o, Z.L. Ren^^i, A. Renaud^^^ 
M. Rescigno^32% S. Resconi^9% B. Resende^^s, p. Reznicek9^ R. Rezvanii^^ R. Richter^'', 

E. Richter-Was^'"^, M. Ridel^^ P Rieckl^ M. Ryssenbeek^^s, A. Rimoldi"^^'!!'^^, 

L. Rinaldi^Oa, r.r. Rios^^, E. Ritsch^^, I. Riu^^, G. Rivoltella^^^'^^'^, E Rizatdinova"^^ 
E. Rizvi^^, S.H. Robertson^^'*^, A. Robichaud-Veronneau^^^, D. Robinson^^, 
J.E.M. Robinson^^, A. Robson^^, J.G. Rocha de Lima^^^, C. Rodai22a,i22b^ 

D. Roda Dos Santos^^, A. Roe^"*, S. Roe^^, O. R0hne^i'^, S. RoUi^^^ A. Romaniouk^^, 

M. Romano^°^'^°'', G. Romeo^'^, E. Romero Adam^^^, N. Rompotis^^^, L. Roos'^^ E. Ros^^'^, 
S. Rosatii32a^ K. Rosbach^^, A. Rosei49, m. Rose^^ G.A. Rosenbaumi^^, rl. Rosendahli^, 

0. Rosenthal^^i^ l Rosselet^^, V. Rossettii^, E. Rossii^2a,i32b^ ^ p Rossi^"% M. Rotaru26^ 

1. Roth^^^^ J Rothbergi38^ D. Rousseaui^^ C.R. Royon^^^, A. Rozanov^^ Y. Rozeni^^^ 
X. Ruan33a,«g, R Rubbo^^ I. Rubinskiy^^, N. Ruckstuhl^os, v.I. Rud^^, C. Rudolph^^, 
M.S. Rudolph^^^, E. Ruhr^, A. Ruiz-Martinez^^ L. Rumyantsev^"^, Z. Rurikova"^^, 
N.A. Rusakovich^, A. Ruschke^^, J.P. Rutherfoord'^, N. Ruthmann'^^ R Ruzicka^^^ 

Y.F Ryabov^^i, M. Rybari27, g. Rybkin^i^ N.C. Ryder^^^ A.F Saavedra^^^, I. Sadeh^^s, 
H.F-W. Sadrozinskii37, r. Sadykov^, F. Safai Tehrami32a^ h. Sakamoto^^^ 

G. Salamanna^^ A. Salamoni^Sa^ M. Saleem^i^ D. Salek^o, D. Salihagic'^'^, A. Salnikovi^s, 
J. Salt^^^ B.M. Salvachua Ferrando^ D. Salvatore^^a-SVb^ p Salvatorei49, A. Salvucci^o^^ 
A. Salzburger^", D. Sampsonidis^^"^, A. Sanchez ^*^2a,i02b^ y Sanchez Martinez^^^, 

H. Sandaker^^, H.G. Sander^^, M.P Sanders^^, M. Sandhoff^^^ T. Sandoval^s, 

C. Sandoval^^^^ r Sandstroem^^, D.PC. Sankeyi29^ a. Sansoni^^, C. Santamarina Rios^^, 

C. Santoni^^, R. Santonico^^Saassb^ jj Santosi24a^ j Santoyo Castillo^^^ K. Sapp^^^, 
J.G. Saraiva^^^, T. Sarangi^^^, E. Sarkisyan-Grinbaum^, B. Sarrazin^i, F Sarrii22a,i22b^ 
G. Sartisohni'^5, O. Sasaki^^, Y. Sasaki^^^ N. Sasao^^, I. Satsounkevitch^^, G. Sauvage^'*, 

E. Sauvan^ J.B. Sauvan^^^ P Savard^^^-'', V. Savinov^^s^ ^ q. Savu^^, L. Sawyer^^'"*, 

D. H. Saxon53, J. Saxon^^o, c. Sbarra^Oa, a. Sbrizzi^o^'^o^, d.A. Scannicchioi^^^ 
M. Scarcellai^*^, J. Schaarschmidt"^ P Schacht^^, D. Schaefer^^o, u. Schafer^^ 
A. Schaelicke46, S. Schaepe^i, S. Schaetzel^^'', A.C. Schaffer^^^ D. Schaile^^, 

R.D. Schambergeri48, v. Scharf5^^ V.A. Schegelsky^^i, D. Scheirich^^ M. Schemau^^^ 
M.I. Scherzer35, C. Schiavi^'^^'^'^'', J. Schieck^^, M. Schioppa^^^-^^b, s. Schlenker^o, 

E. Schmidt'^^ K. Schmieden^^ C. Schmitt^i, C. Schmitt^^, S. Schmitt^^*', B. Schneideri"^, 
Y.J. Schnellbach'^^ U. Schnoor"^, L. Schoeffel^^e^ a. Schoening^^b, A.L.S. Schorlemmer^'^, 
M. Schott^^ D. Schouten^^^^, J. Schovancova^^^, M. Schram^^, C. Schroeder^^, 

N. Schroer5^^ M.J. Schultens^i, J. Schultes^^^ H.-C. Schultz-Coulon5^^ H. Schulz^^, 
M. Schumacher"^^, B.A. Schumm^^^, Ph. Schune^^^, A. Schwartzman^"*^, Ph. Schwegler^^, 
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Ph. Schwemling^^, R. Schwienhorst^^, J. Schwindling^^^, T. Schwindt^\ M. Schwoerer^, 

KG. Sciacca^^ E. Sciio^^\ G. ScioUa^^, W.G. Scotti29, j. Searcyii\ G. Sedov42, 

E. Sedykhi2i, S.C. Seidel^os, A. Seiden^^^, r Seifert'*^, J.M. Seixas^^a, g. Sekhniaidzei02a^ 

S.J. Sekula'^o, K.E. Selbach^^, D.M. Seliverstoyi^i, B. Selldeni^Sa^ g. Sellers'^^ 

M. Semani"^^, N. Semprini-Cesari^Oa-ZOb^ q Serfon^o, L. Serinll^ L. Serkin^'^, T. Serre^^ 

R. Seusteri59a^ h. Severini"!, A. Sfyrla^o, E. Shabalina^^, M. Shamimii^, l.Y. Shan^Sa, 

J.T. Shank22, Q.T. Shao^^, M. Shapiro^^ RB. Shatalov'^^ K. Shawi64a,i64c^ p sherwood^^ 

S. Shimizuioi, M. Shimojimai^", T. Shin^^ M. Shiyakova^^^ ^ Shmeleva^^, M.J. Shochet^i, 

D. Short"^ S. Shrestha^^ E. Shulga^^, M.A. Shupe^ R Sicho^^s^ ^ Sidotii32a^ p. Siegert^^, 
Dj. Sijackii3a, o. Silberti^^^ j silvai24a^ y. Silveri^^ D. Silversteini^s, s.B. Silversteini^Sa^ 
V. Simaki26, o. Simard^ Lj. Simic^^a^ 3 Simion"^ E. Simioni^\ B. Simmons^^, 

R. Simoniello^^'^'^^'', M. Simonyan^^, R Sinervo^^^ N.B. Sinevii"^, V. Sipica^^i, 

G. Siragusai^'^, A. Sircar^^, A.N. Sisakyan^^-*, S.Yu. Sivoklokov^'^, J. Sjolini46a,i46b^ 

T.B. Sjursen^^, L.A. Skinnari^^, H.R Skottowe^'^, K. Skovpeni^'^, R Skubic^^^ M. Slater^^ 

T. Slaviceki26, k. Sliwa^^^ V. Smakhtini^^^ g Smart'^^, L. Smestadii"^, S.Yu. Smimov^^, 

Y. Smimov^^, L.N. Smimova^^-^'', 0. Smimova^^ B.C. Smith^^, K.M. Smith^^ 

M. Smizanska^^ K. Smolek^^e^ Snesarev^'*, G. Snidero^^ S.W. Snow^^^ j Snow^^^, 

S. Snyder25, R. Sobie^^'^'^ J. Sodomkai26, a. Soffer^^^^ C.A. Solans^o, M. Solarise, 

J. Solci26, E.Yu. Soldatov'^6^ Soldevilai^^ E. Solfaroli Camilloccii32a,i32b^ 

A. A. Solodkovi28, Q.V. Solovyanovi28^ y Solovyevi2i, N. Som\ A. Sood^^ V. Sopkoi26, 

B. Sopkoi26, M. Sosebee^ R. Soualahi64a,i64c^ p Soueid^^ A. Soukhareyio^, D. South42, 
S. Spagnolo'^2a,72b^ p Spano'^^ R. Spighi20a, g. Spigo^o, R. Spiwoks^o, M. Spoustai27,«', 

T. Spreitzer^^^, B. Spurlock^ R.D. St. Denis^^ J. Stahlmani20, r. Stamen^^^, E. Stanecka^^, 
R.W. Stanek^, C. Stanescui-^'^a^ ^ Stanescu-Bellu'^2^ ^ ^ stanitzki'^2^ § Stapnesii"^, 

E. A. Starchenko^28^ j stark^^, R Starobai25^ p starovoitov'^2^ r Staszewski^^, A. Staude^^, 
R Stavinai44a,*^ q. Steele^^^ R Steinbach^^, R Steinberg25, 1. Stekli26, b. Stelzeri42, 

H. J. Stelzer^^ O. Stelzer-Chiltoni59a^ h. Stenzel52^ g. Stem^^, G.A. Stewart^o, 

J.A. Stillings2i, M.C. Stockton^s, M. Stoebe^^ K. Stoerig^s, G. Stoicea26a, s. Stonjek^^, 
R Strachotai27^ ^ ^ Stradling^ A. Straessner^^, j. Strandberg^^^, s. Strandberg^'^^'^'i'^^^, 
A. Strandlie^i'^, M. Strang^^^, E. Strauss^^^^ M. Strauss^^i, R Strizenec^^^, R. Strohmeri^'^, 
D.M. Stromii^, J.A. Strong'^^'*, R. Stroynowski'^O, B. Stugu^^^, I. Stumer25'*, J. Stupak^^^^ 
R Sturaii^^ N.A. Styles'^2^ y>.A. Soh^^i'", D. Su^^s jjg Subramania^, R. Subramaniam25, 
A. Succurroi2^ y. Sugaya^^^ C. Suhr^O^ M. Suki27, y.V. Sulin^^, S. Sultansoy^^ 
T. Sumida^^ X. Sun^^ J.E. Sundermann^^ K. Surulizi39, G. Susinno^^a-SVb^ Sutton^^Q^ 
Y. Suzuki^^ Y. Suzuki6^ M. Svatosi25, s. Swedish^^^ M. Swiatlowskii^a, 1. Sykorai44a^ 
T. Sykorai27, j. Sanchezi^^ D. Ta^^s, k. Tackmann42, A. Taffard^^^ R. Tafiroutl59^ 
N. Taiblumi53, y Takahashiioi, H. Takai25, R. Takashima^^ H. Takeda^^ T. Takeshitai^*^, 
Y. Takubo^^ M. Talby^^ A. Talyshev^o^'^, J.Y.C. Tami^'^, M.C. Tamsett25, K.G. Tan^^, 
J. Tanaka^^^ R. Tanaka^^^, S. Tanaka^^^ S. Tanaka^^, A.J. Tanasijczuki'^2^ ^ Tani^^, 
N. Tannoury^^ S. Tapprogge^^ D. Tardif^^^, S. Taremi52^ p Tarrade29, G.F. Tartarelli^^^, 
R Tas^27^ ^ Tasevskyi25^ g_ Tassi^'^^'^'^'', Y. Tayalati^^^'*, C. Taylor^^ RE. Taylor^2^ 
G.N. Taylor^^, W. Taylor^^^*', M. Teinturieri^^ F.A. Teischinger^o, 
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M. Teixeira Dias Castanheira^^, P. Teixeira-Dias^^, K.K. Temming'^^, H. Ten Kate^*^, 
P.K. Tengi^i, S. Terada^^ K. Terashil^^ J. Terron^^, M. Testa'^^ R.J. Teuscher^^^'^, 
J. Therhaag^\ T. Theveneaux-Pelzer^'*, S. Thoma'*^, J.P. Thomas^^, E.N. Thompson^^, 
P.D. Thompson^^, P.D. Thompson^^^, A.S. Thompson^^, L.A. Thomsen^^, E. Thomson^^^, 
M. Thomson^^ W.M. Thong^^, R.P Thun^^, R Tian^^ M.J. Tibbetts^^ T. Tic^^^ 
V.O. Tikhomirov^'*, Y.A. Tikhonov^^^''', S. Timoshenko^^, E. Tiouchichine^^, P. Tipton^^^, 
S. Tisserant^^, T. Todorov^, S. Todorova-Nova^^\ B. Toggerson^^^, J. Tojo^^, S. Tokar^^^^, 
K. Tokushuku^^ K. ToUefson^^ L. Tomlinson^^^ ^ Tomotoio\ L. Tompkins3\ K. Toms^^^ 

A. Tonoyan^^, C. Topfel^^, N.D. Topilin^^, E. Torrence^^^, H. Torres^^, E. Torro Pastor^^^, 
J. Toth^3,ad^ p Touchard^^ D.R. Toveyi39^ t. Mzger^^"^, L. Tremblet^o, A. Tricoli^o, 
I.M. Triggerl5'^^ S. Trincaz-Duvoid^^ M.F. Tripiana^*^, N. Triplett^^, W. Trischuk^^^ 

B. Trocme^^, C. Troncon^^^ M. Trottier-McDonald^'^^, M. Trovatelli^^'^^'i^'^*', R True^^, 
M. Trzebinski^^, A. Trzupek^^, C. Tsarouchas^°, J.C-L. Tseng^^^, M. Tsiakiris^°^, 

P.V. Tsiareshka^*^, D. Tsionou^'"^, G. Tsipolitis^^, S. Tsiskaridze^^, V. Tsiskaridze^^, 

E.G. Tskhadadze^i^, I.I. Tsukerman^^, V. Tsulaia^^, J.-W. Tsung^i, S. Tsuno^^ 

D. Tsybychev^'^^ A. Tua^^^, A. Tudorache^^a, V. Tudorache^^a, j.m. Tuggle^^, M. Turala^^, 

D. Tureceki26, i. Turk Cakir^'^, R. Turra^'^'*'^'^^, PM. Tuts^^, A. Tykhonov^^^ 

M. Tylmadi46a,i46b^ Tyndeli29, G. Tzanakos^ K. Uchida^i, 1. Ueda^^^ R. Ueno^^, 

M. Ughetto^^ M. Uglandi4, M. Uhlenbrock^i, R Ukegawa^^o^ q Unal^o, A. Undrus^^, 

G. Unel^^^ RC. Ungaro^^, Y. Unno^^ D. Urbaniec^^, R Urquijo^i, G. Usai^ L. Vacavant^^ 
V. Vaceki26, b. Vachon^^ S. Vahseni^, N. Valencic^^^ S. Valentinetti^Oa'^oi', A. Valero^^'^, 
L. Valery34, S. Valkari27, e. Valladolid Gallego^^"^, S. Vallecorsa^^^^ j ^ Valls Perreri^^, 

R. Van Bergi2°, RC. Van Der Deijl^^^ R. van der Geer^^s, h. van der Graaf^^^, 

R. Van Der Leeuw^*^^, E. van der Poel^*^^, D. van der Ster-^*^, N. van Eldik-'*^, 

P. van Gemmeren^, J. Van Nieuwkoop^^^, 1. van Vulpeni"^ M. Vanadia'^'^, W. Vandelli^o, 

A. Vaniachine^, P Vankov'^^^ p Vannucci^^ R. Varii32a^ p Vames'^, T. Varol^^^ 

D. Varouchas^^, A. Vartapetian^, K.E. Varvell^^*^, VI. Vassilakopoulos^^, R Vazeille-^"^, 
T. Vazquez Schroeder^^^ p Velosoi24a^ 3 Venezianoi32a^ ^ Ventura^2a,72b^ p, Ventura^'^, 

M. Venturi'^^ N. Venturi^^^ V. Vercesil^^^ M. Verducci^^^ W. Verkerke^^^ 

J.C. Vermeulen^o^ A. Vest^^, M.C. Vetterlii'^^,/^ j vichou^^^ T. Vickey^'^^'''^*^, 

O.E. Vickey Boeriu^'^^'', G.H.A. Viehhauser^i^ S. Viel^^^ M. Villa20a.20b^ 

M. Villaplana Perez^^^, E. Vilucchi'^^, M.G. Vincter^^, E. Vinek^o, V.B. Vinogradov^, 

J. Virzi^^ O. Vitells^^^^ M. Viti^^, I. Vivarelli^^, R Vives Vaque^, S. Vlachos^o, 

D. Vladoiu'^^ M. Vlasak^^s, A. Vogel^i, P Vokac^^f^^ q Yo\^i^\ M. Volpi^^^ G. Volpini^^a^ 

H. von der Schmitt^^, H. von Radziewski'^*, E. von Toeme^^, V Vorobel^^^, V Vorwerk^^, 
M. Vos^^^, R. Voss^", J.H. Vossebeld^^, N. Vranjes^^^, M. Vranjes Milosavljevic^*^^, 

V. Vrbai25, m. Vreeswijki'^^ T. Vu Anh^s, R. Vuillermet^o, I. Vukotic^i, Z. Vykydal^^^, 
W. Wagner^^^ P Wagner^i, H. Wahlen^^^ S. Wahrmund^, J. Wakabayashi^oi, S. Walch^'^, 
J. Walder^i, R. Walker^^ W. Walkowiaki'^i, R. Wall^^^^, R Waller^^ B. Walsh^^^, C. Wang'^^, 
H. Wangi^^ H. Wang^O, j. Wang^^i, j. Wang^^a, k. Wang^^ R. Wang^^^ S.M. Wang^^i, 
T. Wang^i, X. Wang^^^, A. Warburton^^ C.R Ward^^ D.R. Wardrope'^^ M. Warsinsky'^^ 
A. Washbrook'^6, C. Wasicki^^, i. Watanabe^^, PM. Watkins^^ A.T. Watson^^ 
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I.J. Watsoni^o, M.F. Watsoni^ G. Watts^^s, S. Watts^^ A.T. Waugh^^o, B.M. Waugh^^ 
M.S. Weber^^, J.S. Webster^i, A.R. Weidbergi^^ P. Weigell'^^ J. Weingarten^^^ q Weiser^^, 
P.S. Wells^o, T. Wenaus^^, D. Wendland^^, Z. Wengi^i'", T. Wengler^o, S. Wenig^o, 
N. Wermes^i, M. Wemer'^^ P. Wemer^o, M. Werthi^^ M. Wessels5^^ J. Wetteri^i, 

C. Weydert^^ K. Whalen^^, A. White^ M.J. White^^, S. Whitei22a,i22b^ § ^ Whitehead^^^ 

D. Whitesoni63, D. Whittington^O^ J3 Wicke^'^^ F.J. Wickens^^^, W. Wiedenmanni'^^ 

M. Wielers^^^, P. Wienemann^\ C. Wiglesworth^^, L.A.M. Wiik-Fuchs^\ PA. Wijeratne^^, 
A. Wildauer99, M.A. Wildt^^'?, 1. Wilhelmi^^, H.G. Wilkens^o, J.Z. Will^^, E. Williams^^, 
H.H. Williamsi20, s. Williams^s, W. Willis^s^*, S. Willocq^^^ j Wilsoni^ M.G. Wilson^^a^ 

A. Wilson^^, I. Wingerter-Seez^ S. Winkelmann'*^, F Winklmeier^^, M. Wittgen^'^^, 
T. Wittig43, J. Wittkowski^s, S.J. Wollstadt^^, M.W. Wolter^^, H. Woltersi24a,'; 
W.C. Wong4i, G. Wooden^^ B.K. Wosiek^^, J. Wotschack^o, M.J. Woudstra^^^ 

K.W. Wozniak39, K. Wraight^^ M. Wright^^ B. Wrona^^ S.L. Wu^^^ X. Wu'^^, Y. Wu^^b-^', 

E. Wulf35, B.M. Wynne'^^, S. Xella^^, M. Xiao^^e^ § xie'^^ C. Xu^^^-y, d. Xu^^a, l. Xu^^b, 

B. Yabsleyi^o, S. Yacoobi'^^^'''"', M. Yamada^^ H. Yamaguchii^^ A. Yamamoto^^ 
K. Yamamoto^^, S. Yamamoto^^^, T. Yamamura^^^, T. Yamanaka^^^, K. Yamauchi^*^\ 

T. Yamazakil5^ Y Yamazaki6^ Z. Yan22, H. Yang^^^, H. Yang^^^ U.K. Yang^^^ Y. Yang^^^, 
Z. Yangi46a,i46b^ s. Yanush^i, L. Y?iO^^^, Y Yasu^^ E. Yatsenko^^, J. Ye^o, S. Ye^^, 
A.L. Yen^^, M. Yilmaz^b, R. Yoosoofmiyai^a, k. Yorita^^\ R. Yoshida^, K. Yoshihara^^^ 

C. Youngi43, C.J. Youngii^ S. Youssef^^, D. Yu^^, D.R. Yu^^ J. Yu^ J. Yu"^^ L. Yuan6^ 
A. Yurkewicz^Ofi^ b. Zabinski^^, R. Zaidan^^, A.M. Zaitsev^^^ S. Zambito^^, 

L. Zanello^^^'^'i^^b^ ^ Zanzi^^, A. Zaytsev^^, C. Zeitnitz^^^ M. Zeman^^^, A. Zemla^^, 
O. Zenini28, T. ZQml^'^^, Z. Zinonosi22a,i22b^ ^ Zerwas^^^ G. Zevi della Porta^^ 

D. Zhang^^, H. Zhang*^^ J. Zhang^ L. Zhang^^i, X. Zhang^s^, z. Zhang"^ L. Zhao^o^ 
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